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Summary
Centromeres provide a region of chromatin upon which
kinetochores are assembled in mitosis [1, 2]. Centromeric
protein C (CENP-C) is a core component of this centromeric
chromatin [3, 4] that, when depleted, prevents the proper
formation of both centromeres and kinetochores [5–10].
CENP-C localizes to centromeres throughout the cell cycle
via its C-terminal part [6, 8], whereas its N-terminal part
appears necessary for recruitment of some but not all
components of the Mis12 complex of the kinetochore [8].
We now find that all kinetochore proteins belonging to the
KMN (KNL1/Spc105, the Mis12 complex, and the Ndc80
complex) network [1] bind to the N-terminal part of
Drosophila CENP-C. Moreover, we show that the Mis12
complex component Nnf1 interacts directly with CENP-C
in vitro. To test whether CENP-C’s N-terminal part was suffi-
cient to recruit KMN proteins, we targeted it to the centro-
some by fusing it to a domain of Plk4 kinase [11]. The
Mis12 and Ndc80 complexes and Spc105 protein were then
all recruited to centrosomes at the expense of centromeres,
leading to mitotic abnormalities typical of cells with defec-
tive kinetochores. Thus, the N-terminal part of Drosophila
CENP-C is sufficient to recruit core kinetochore components
and acts as the principal linkage between centromere and
kinetochore during mitosis.
Results and Discussion
Centromeres are patches of chromatin defined by the pres-
ence of the specific histone H3 variant called centromeric
protein A (CENP-A)/CenH3 [12], also known as CID in
Drosophila, Cse4 in S. cerevisiae, and Cnp1 in S. pombe
(reviewed in [13]). Shortly before each mitosis, kinetochores
are assembled on centromeres in a process whose mecha-
nism and regulation are largely unknown.
Recently published studies have pointed toward the centro-
meric protein CENP-C as a potential candidate for the regula-
tory role in kinetochore formation [7, 8]. CENP-C is localized at
the centromeric chromatin throughout the cell cycle [4, 6]. It is
embedded in the centromeric chromatin and, together with
CENP-A, forms part of the core of the centromere. The
carboxy-terminal part of CENP-C is known to be responsible*Correspondence: mrp50@cam.ac.uk (M.R.P.), dmg25@hermes.cam.ac.uk
(D.M.G.)for the binding to centromeres but by itself is insufficient to
rescue the lack of CENP-C in vertebrate cells or Drosophila
embryos [6, 8, 14]. However, the exact function of CENP-C’s
N-terminal part has not been defined [8]. In vertebrates,
CENP-C is also a component of the so-called constitutive
centromere-associated network (CCAN; see [1, 2] for reviews)
that comprises at least 14 proteins assembled in several sub-
complexes.Whereas CENP-C seems to be a component of the
centromere in all organisms, the associated CCAN proteins
appear to be absent from the centromeres in C. elegans and
Drosophila. Because these organisms thus provide a funda-
mentally simplified centromere whose functions may be easier
to dissect, we were led to study the roles of CENP-C in kinet-
ochore assembly using D. melanogaster as a model.
In order to test the localization properties of the two func-
tional parts of CENP-C, we first arbitrarily divided the open
reading frame and expressed both portions in Drosophila
Dmel-2 culture cells (Figure 1A). We generated stably trans-
formed cell lines expressing a transgene encoding a fusion
of EGFP to the C-terminal 623 amino acids of the 1411
amino acid CENP-C (which we refer to as EGFP::CENPC-C).
This transgene was under the control of the inducible metallo-
thionein promoter to avoid potential dominant-negative
phenotypes that might arise from constitutive expression. As
expected [6], this CENPC-C fusion colocalized with the
centromeric marker CENP-A/CID during the entire cell cycle
(Figure 1B). In contrast, a fusion of EGFP with the N-terminal
788 amino acids of CENP-C, EGFP::CENPC-N, localized to
nuclei but not to centromeres when expressed from themetal-
lothionein promoter (Figure 1C). This suggests that this half of
the protein must be transported actively into the nucleus,
although a nuclear localization signal within this part was not
identified previously [6]. Moreover, its lack of centromeric
localization suggests that this part of CENP-C is incapable of
either dimerizing with full-length endogenous protein [15, 16]
or interacting with other centromeric components.
This raised thequestion ofwhat other proteins theN-terminal
part of CENP-C might interact with. To address this, we built
a stably transformedDrosophila cell line able to express a fusion
of protein A::CENPC-N from the metallothionein promoter. After
overnight induction of protein A::CENPC-N expression, we
affinity purified the product of the transgene from cell extracts
using IgG-coupledmagnetic beads for analysis by mass spec-
trometry [17]. No peptides from the centromeric proteins
CENP-A/CID [18], CAL1 [19], or the C-terminal part of
CENP-C were identified, in accordance with the observation
that CENPC-N does not associate with centromeres. Surpris-
ingly, however, wewere able to identify the entire set of kineto-
chore proteins belonging to the KMN (KNL1/Spc105, theMis12
complex, and the Ndc80 complex) network [20], including
Spc105, Mis12, Nnf1, Spc25/Mitch, Nuf2, and Ndc80 (Fig-
ure 1D). In addition, we identified proteins belonging to the
14-3-3 family with high Mascot scores [21]. The high levels of
phosphorylation of CENP-C in cultured Drosophila cells and
in Drosophila embryos [22, 23] would accord with being able
to associate with 14-3-3 proteins that interact with phosphory-
lated targets [21].Noneof theabovementionedproteinscopuri-
fied with protein A alone (see Figure S1A available online).
Figure 1. The Amino-Terminal Part of Drosophila
CENP-C Does Not Localize to Centromeres but
Binds the Entire KMN Network of Core Kineto-
chore Proteins
(A) Schematic representation of the N- and
C-terminal parts of CENP-C used in this study.
(B) Localization of the EGFP-tagged C-terminal
part of CENP-C (EGFP::CENPC-C) during inter-
phase and mitosis. Cells were counterstained
with anti-a-tubulin (MT), anti-CENP-A/CID anti-
bodies, and DAPI (DNA). Scale bars in (B) and
(C) represent 5 mm.
(C) Localization of the EGFP-tagged N-terminal
part of CENP-C (EGFP::CENPC-N) during inter-
phase and mitosis. Cells were counterstained
as in (B).
(D) Proteins copurifying with the fusion protein
A::CENPC-N with Mascot scores (Score) greater
than 200. For CG numbers, refer to FlyBase
entries (http://flybase.org/). The bait is indicated
in red; KMN network components are indicated
in blue. Spectral counts reflect the number of
peptides identified for each protein. 1Note that
coverage for the bait was scored as 35%. This
figure refers to the full-length protein and corre-
sponds to 63% coverage of the 788 amino acid
fragment used as bait.
(E) Nnf1a binds CENPC-N in vitro, whereas MBP
and Nsl1 do not. Upper panels show autoradiog-
raphy of the indicated S35-labeled proteins. Coo-
massie-stained gels are shown in the lower
panels to confirm equal loading of N- or
C-terminal parts of CENP-C. Lanes are labeled
as follows: M, marker proteins; In, input from
the in vitro transcription-translation reaction not
incubated with beads; N, in vitro-synthesized
product incubated with GST::CENPC-N on
beads; C, in vitro-synthesized product incubated
with GST::CENPC-C on beads.
See also Figure S1.
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proteins that might provide a bridge between CENPC-N and
KMN components, we speculated that the interaction mightbe a direct one involving the innermost
part of the kinetochore, the Mis12
complex. To test this possibility, we
synthesized the 35S-labeled Mis12
complex subunits Nnf1a and Nsl1 and
also maltose-binding protein (MBP) as
a negative control in an in vitro tran-
scription-translation system and inves-
tigated whether they would interact
with bacterially expressed CENP-C
fragments. (Mis12 appeared to be either
insoluble or very poorly expressed in
this system, and hence we could not
test its interaction.) We did not detect
any binding of MBP, Nnf1a, or Nsl1 to
GST::CENPC-C. However, we did
detect binding of Nnf1a to the
N-terminal part of CENP-C, whereas
Nsl1 binding was poorly detectable
(Figure 1E). This suggests that this
component of the Mis12 complex may
be responsible for the association of
the KMN network with CENP-C. It wouldaccord with a recent study that places Nnf1, of all the Mis12
complex components, as lying most proximal to the centro-
meric chromatin [24].
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401Our finding that theN-terminal part of CENP-C can associate
with all proteins of the KMN network led us to speculate about
its potential role in kinetochore assembly and test whether it
would be sufficient to recruit the KMNnetwork and other kinet-
ochore proteins to ectopic sites.We chose to target this part of
CENP-C to centrosomes and determine whether the KMN
network would be recruited to the same site. To this end, we
fused a centrosome-targeting domain from Plk4 kinase [11]
in frame with the EGFP::CENPC-N construct (we termed this
entire construct ect-KTR, for ectopic kinetochore recruitment).
As a control, we also examined the localization and recruit-
ment capabilities of the Plk4 centrosome localization domain
(CLD) alone fused with EGFP (Figure 2A). Expression of either
construct in Dmel-2 cells from an inducible promoter resulted
in the localization of EGFP at the centrosome, confirmed by
costaining with the centrosomal markers dPLP/Cp309 (the
Drosophila counterpart of pericentrin) and dSpd2/Cep192
(Figures 2B and 2C). The ect-KTR fusion protein also localized
to the nuclei of a substantial subset of cells during interphase,
most likely reflecting the activity of its own strong nuclear
localization signal (Figure S1B). However, we chose to focus
on localization of these proteins in mitotic cells when kineto-
chores have normally assembled at the centromeres, thus
allowing us to examine the extent to which kinetochore
proteins localized to either centromeres or centrosomes.
Because expression of either CENPC-N or ect-KTR caused
frequent and severe mitotic phenotypes in which chromo-
somes became scattered so as often to lie in the vicinity of
the poles (see below), we focused on examining the localiza-
tion of kinetochore proteins in cells where centrosomes and
centromeres were well separated (Figure 2; Figure 3).
We then stained cells with several antibodies raised against
kinetochore proteins (see Supplemental Experimental Proce-
dures and Figure S2 for details). Expression of the CLD alone
did not lead to any change of the localization of kinetochore
markers. Kinetochore proteins belonging to the KMN network
colocalized exclusively with CENP-A/CID in such cells (upper
panels in Figures 2B–2E). Expression of ect-KTR, on the other
hand, led to the strong recruitment of all KMN network compo-
nents tested to the centrosome and the frequent diminution of
the levels of these proteins at the kinetochore. Thus, immunos-
taining clearly revealed Mis12, Nsl1 (data not shown), Nnf1a,
and Spc105 to colocalize with ect-KTR and the centrosomal
markers dPlp and Spd2 (lower panels in Figures 2B–2D). To
determine the localization of the outer kinetochore plate
Ndc80 complex, we cotransfected Dmel-2 cells with
constructs expressing RFP-tagged ect-KTR and either
EGFP-tagged Ndc80 (Figure 2E) or Nuf2 (data not shown).
We found in both cases that these components of the Ndc80
complex localized to centrosomes in ect-KTR-expressing
cells. In contrast, neither of the centromeric markers CAL1 or
CENP-A/CID colocalized with ect-KTR; they were found only
at centromeres (Figure 2F). Thus, the N-terminal part of
CENP-C is not able to interact with centromeric proteins but
is able to recruit the KMN network to an ectopic site in the cell.
We also askedwhether, in addition to the core KMN network
proteins, other ancillary proteins known to associate tempo-
rarily with kinetochores might be relocated onto ectopically
positioned CENPC-N. We chose to examine the localization
of the kinetochore-associated motor protein CENP-meta (the
Drosophila counterpart of CENP-E) [25] and the spindle
assembly checkpoint proteins Mad2 and BubR1. We found
that, unlike the core KMN network proteins that were associ-
ated with centrosomes in all cells expressing ect-KTR,ancillary kinetochore proteins were only associated with
centrosomes in a subset of ect-KTR-expressing cells. Thus,
CENP-meta was predominantly centrosome associated in
78.8% of ect-KTR cells (Figure 3A). Mad2 also showed similar
localization to ectopic sites (Figure 3B) regardless of whether
or not the checkpoint was activated by colchicine treatment
(data not shown). We did not see strong signals of Mad2 on
scattered chromosomes in ect-KTR cells. This could be due
to, for example, either depletion of a proper platform for
binding of Mad2 on kinetochores such as the Ndc80 complex
or the titration of Mad2 to centrosomes. This observation
supports the idea thatMad2 binds to kinetochores, not centro-
meres. On the contrary, in the case of BubR1, its association
with centrosomes in a subset of ect-KTR-expressing cells
was much weaker than its association with centromeres in
the same cells (arrows in the lower panel of Figure 3C). This
is in agreement with a recent report [26] and our own data
[27] suggesting that BubR1may have at least two independent
binding sites: one on centromeres, which might be more
exposed in cells expressing ect-KTR, and the other on kineto-
chores, which in cells expressing ect-KTR would be associ-
ated with centrosomes. In fact, this result supports the idea
of BubR1 being recruited to centromeres rather than kineto-
chores. Because none of these ancillary kinetochore proteins
associated with centrosomes in CLD-expressing cells, we
concluded that the ectopic localization of the N-terminal part
of CENP-C was responsible for localizing the core KMN
network to centrosomes, and that this then permitted recruit-
ment of other kinetochore-associated proteins.
As indicatedabove,we found frequentmitoticdefects in cells
expressing CENPC-N and ect-KTR, of which improperly con-
gressedandscatteredchromosomeswere themostcommonly
observed aberrations (Figures 4A and 4B). The scattering of
chromosomes on elongated spindles was reminiscent of the
phenotype we observed after knockdown of components of
the KMN network [9]. We observed that whereas spindles in
CLD-expressing cells had a mean length of 6.83 6 0.78 mm
(n = 25) that is typical of the parent Dmel-2 cell line [9], spindles
inect-KTRandCENPC-Ncellsweresignificantly elongatedand
had mean lengths of 8.76 1.93 mm (n = 45) and 8.046 1.27 mm
(n = 41), respectively (Figure 4C). To determine whether cells
with elongated spindles were in anaphase, we costained cells
with anti-CENP-A/CID and anti-cyclin B antibodies. This re-
vealed that ect-KTR cells showing the mitotic phenotype had
high levels of cyclin B and that the chromosomes had two
centromeres and so were conjoined chromatids (Figure S3).
This strongly suggests that these cells were blocked in prome-
taphase with improperly congressed chromosomes and had
not entered anaphase. Therefore, the chromosome scattering
and the spindle elongation phenotype may be a consequence
of the very long prometaphase block occurring as a result of
the primary defect: severe congression problems.
We hypothesized that the high incidence of mitotic defects
present after ect-KTR or CENPC-N expression was caused
by the titration out of one or more KMN network proteins by
the ectopic construct. This interpretation was supported by
theobservation that immunolocalization signals of kinetochore
proteins ectopically localized at centrosomes were usually
stronger than the signals at centromeres in ect-KTR cells
(Figures 2B–2E). To address this directly,wequantifiedfluores-
cence intensities of endogenous kinetochores after staining
with anti-Mis12 and anti-Spc105 antibodies in relation to
the intensities of the centromeric CENP-A/CID in CLD-,
ect-KTR-, and CENPC-N-expressing cells. In ect-KTR- and
Figure 2. The CLD-Tagged N-Terminal Part of CENP-C Localizes to Centrosomes and Recruits KMN Network Kinetochore Components
(A) Schematic representation of theCLDconstruct, a fusionof EGFPwith thecentrosome-bindingdomainof SAK/Plk4, and the ect-KTRconstruct, a fusionof
EGFP, the N-terminal part of CENP-C, and the same centrosome-binding domain. Both constructs localize to centrosomes when expressed in Dmel-2 cells.
(B)Cells expressingCLDor ect-KTR (EGFP, green) stained to reveal thedPlp centrosomalmarker (red) andMis12 (blue). DNAstaining (at bottom, notmerged)
is shown only for ect-KTR.
(C) Cells expressing CLD or ect-KTR stained to reveal the centrosomal marker Spd2 (blue), the kinetochore proteins Nnf1a and Nnf1b (red), and the centro-
meric marker CENP-A/CID (green).
(D) Cells expressing CLDor ect-KTR stained to reveal the centrosomalmarker Spd2 (blue), the kinetochore protein Spc105 (red), and the centromericmarker
CENP-A/CID (green).
(E) Cells transfected with RFP-CLD (red) or RFP-ect-KTR (red) were cotransfected with EGFP::Ndc80 (green) and stained to reveal a-tubulin (MT; blue) and
DNA (unmerged).
(F) Cells transfected with RFP-CLD (red) or RFP-ect-KTR (red) were cotransfected with CAL1::EGFP (green). CAL1::EGFP always colocalizes with CENP-A/
CID (blue) on DNA (not merged) and does not colocalize with red signal of centrosomally targeted fusion proteins.
Scale bars represent 5 mm. Note that in this part of the study, we focused upon ect-KTR-expressing cells that did not show excessive scattering of chromo-
somes (seeFigure 4andassociated text). This allowedus toensure that any signal in the vicinity of the spindlepoleswas truly centrosomeassociated (andnot
centromere associated). See also Figure S2.
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Figure 3. Localization of CENP-meta and the
Spindle Assembly Checkpoint Proteins Mad2
and BubR1 in CLD- and ect-KTR-Expressing
Cells
(A) Cells expressing CLD (green) or ect-KTR
(green) and stained to reveal CENP-A/CID (red)
show localization of CENP-meta (blue) to ectopic
sites in ect-KTR-expressing cells but not in CLD-
expressing cells.
(B) Cells expressing CLD (green) or ect-KTR
(green) and stained to reveal DNA (blue) and
Mad2 (red) show localization of Mad2 to ectopic
sites in ect-KTR-expressing cells but not in
CLD-expressing cells.
(C) Cells expressing CLD or ect-KTR stained to
reveal the kinetochore protein Spc105 (blue),
the centromeric protein CENP-A/CID (green),
and BubR1 (red). Staining of phosphohistone
H3 is shown unmerged. Arrows indicate spindle
poles in ect-KTR-expressing cells that have
strong staining of Spc105 (blue) and weak stain-
ing of BubR1 (red). Stronger BubR1 staining is
present on centromeres of such cells. Note that
EGFP fluorescence from the CLD construct is
much weaker than the signal from the fluoro-
phore of the secondary antibody used for
CENP-A/CID staining (the slide was bleached
for some time to assure this effect). Arrowheads
indicate such weak signals (‘‘+ GFP’’ panel),
which assure that the imaged cell is in fact trans-
genic.
Scale bars represent 5 mm.
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403CENPC-N-expressing cells, Mis12 levels at the kinetochore
were reduced respectively to an average of 46% and 26.8%
of the level in cells expressing the CLD construct alone. Simi-
larly, levels of Spc105 were reduced to 29.2% and to 39.1% in
ect-KTR and CENPC-N cells respectively (see distribution of
signal intensities in Figure 4D). Thus, we conclude that over-
expression of ect-KTR or nontargeted CENPC-N indeed
results in a depletion of kinetochore proteins from endoge-
nous kinetochores, and that this in turn leads to mitotic
defects.
Although the vast majority of CLD-expressing cells looked
normal (Figure 4A), we noticed a low level of background aber-
rations that may be attributable to the expression of the Plk4
fragment, which is able to drive production of extra centro-
somes (Q.D. Yu, N. Dzhindzhev, and D.M.G., unpublished
data) and which may affect the efficiency of spindle assembly
(Figure 4B). However, the finding of chromosomes scattered
along elongated spindles was unique to CENPC-N- or ect-
KTR-expressing cells and was not seen in CLD-expressing
cells. This strong dominant-negative phenotype and theectopic localization pattern of KMN
network proteins in cells expressing
ect-KTR lead to the unequivocal conclu-
sion that the N-terminal domain of
CENP-C is sufficient to recruit all of the
major core kinetochore proteins, regard-
less of its localization in the cell.
Recent studies from a number of labo-
ratories have provided a detailed
description of the interaction network
betweensubunits of theKMNsupercom-
plex [20, 24, 28, 29]. This knowledge is
key for reaching a full understanding ofhow kinetochores are formed early in mitosis and how they
interact with microtubules of the mitotic spindle. Consider-
able progress has also been made in studies of centromere
inheritance, composition, and function (e.g., [30–33]).
However, little is known yet about the interaction between
these two complex structures. Previously, we reported that
kinetochore formation in Drosophila cells is absolutely depen-
dent upon the presence of the centromeric protein CENP-C
[9], a finding recently confirmed by others [10]. The results
we present here indicate that it is the N-terminal part of this
protein that not only is responsible for binding to the KMN
network but also is sufficient to recruit it to ectopic sites.
The consequential depletion of KMN proteins from the
centromeres of mitotic chromosomes to centrosomes leads
to strong mitotic defects. Together, our data support a model
in which one face of CENP-C binds CENP-A-rich centromeric
chromatin and the other binds components of the KMN
network, providing a platform for kinetochore assembly at
the onset of mitosis. That such a function of CENP-C may
be conserved is strongly suggested from a contemporaneous
Figure 4. Sequestering of KMNNetwork Components to the Centrosomally Localized N-Terminal Part of CENP-C Leads to Chromosome Alignment Defects
in Mitosis
(A) Cells expressing CLD ect-KTR or EGFP::CENPC-N (green), counterstained with anti-a-tubulin antibody (red) and anti-phosphohistone H3 (pH3) or DAPI
to reveal DNA (blue). Scale bars represent 5 mm.
(B) Quantification of improperly congressed or scattered chromosomes in CLD-, ect-KTR-, and CENPC-N-expressing cells. 18% of the CLD-expressing
cells (n = 130), 74.9% of the ect-KTR expressing cells (n = 177), and 75.6% of the CENPC-N-expressing cells (n = 41) showed chromosome positioning
or spindle defects.
(C) Correlation of spindle length with chromosome congression and/or scattering defects in CLD, ect-KTR, and CENPC-N cells. Mean spindle lengths are
CLD cells, 6.83 6 0.78 mm (n = 25); ect-KTR cells, 8.7 6 1.93 mm (n = 45); CENPC-N cells, 8.04 6 1.27 mm (n = 41). The trend shows that longer spindles
correlate with a higher frequency of chromosome congression defects.
(D) Depletion of Mis12 and Spc105 proteins from endogenous kinetochores. Kinetochore protein staining intensity values (background subtracted) were
divided by the intensity values of CENP-A/CID staining at the corresponding centromere (background subtracted). Mean values for Mis12 are CLD,
0.92 6 0.4 (n = 64); ect-KTR, 0.42 6 0.34 (n = 78); CENPC-N, 0.25 6 0.2 (n = 85). Mean values for Spc105 are CLD, 0.92 6 0.33 (n = 61); ect-KTR, 0.27 6
0.24 (n = 83); CENPC-N, 0.36 6 0.27 (n = 114). See text for description and interpretation.
See also Figure S3.
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404study of its interacting partners in human cells, also published
in this issue of Current Biology [34]. The length of the CENP-C
molecule, the bifunctionality of its binding, and its potential
for posttranslational modification together suggest that this
protein might not only provide structural support for kineto-
chore assembly but also be a major hub for regulatingcentromere and kinetochore function. It will be important to
learn more about such potential regulatory mechanisms,
and also to determine whether CENP-C is the only compo-
nent of the centromere to provide an interface between
centromeres and kinetochores in either Drosophila or
vertebrates.
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Supplemental Information includes three figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.cub.2011.02.005.
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